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Introduction {#sec001}
============

MicroRNAs (miRNAs) are a class of small non-coding RNAs, which direct post-transcriptional gene silencing (PTGS) and play important regulatory roles in a vast range of cellular processes including cell differentiation, proliferation, apoptosis, and migration \[[@pgen.1006896.ref001]--[@pgen.1006896.ref003]\]. Aberrant expression of miRNAs may play an important role in tumorigenesis or cancer development through dysregulation of tumor-associated genes \[[@pgen.1006896.ref004]--[@pgen.1006896.ref009]\]. It is generally accepted that miRNA binds to 3'-untranslated regions (3'-UTRs) of target mRNAs via its seed sequence (position 2--8), resulting in degradation or translational repression of the target mRNA in mammalian cells.

For a majority of miRNAs, as few as 6nt of the seed sequence matching with the target mRNA is required for functional interaction. However, besides the canonical interaction between seed region of miRNA and the 3'-UTR of target mRNA, more and more evidence show that non-canonical miRNA-target sites can be functional as well \[[@pgen.1006896.ref010]--[@pgen.1006896.ref013]\]. For example, imperfect matches of miRNA seed region with the target can be compensated by supplemental components in near-perfect sites and function in target cleavage \[[@pgen.1006896.ref012], [@pgen.1006896.ref014]--[@pgen.1006896.ref016]\]. Studies in mouse brain shows that only 73% of the Ago-mRNA interactions can be explained by seed matches for Ago-bound miRNAs, while the rest 27% have no predicted seed matches \[[@pgen.1006896.ref017], [@pgen.1006896.ref018]\]. Regions outside the seed sequence may also be necessary or sufficient to direct different non-canonical regulations \[[@pgen.1006896.ref011]\]. For example, functional "centered sites" in miRNA which have 11--12 continuous Watson--Crick pairs complementary to the target mRNA were identified by analyzing microarray data \[[@pgen.1006896.ref019]\]. Subsequent study demonstrated that 11-mer matches of miRNA "centered sites" to the target mRNA with single mismatches or GU wobbles also form hybrids but only a small proportion leads to a repression \[[@pgen.1006896.ref020]\], which indicates additional mechanism besides sequence complementarity may also be necessary.

The most classical function of miRNA is to induce post-transcriptional gene silencing, through either mRNA cleavage and/or translational repression. The function of miRNA has been extended to transcriptional levels, either directly or indirectly. Several studies demonstrate sequence complementarity between miRNA and target gene promoter lead to gene silencing at transcriptional level \[[@pgen.1006896.ref021]--[@pgen.1006896.ref027]\]. MiR-552 is found with a dual inhibition on CYP2E1 expression, targeting both CYP2E1 promoter via its non-seed sequence and CYP2E1 mRNA 3\`UTR region via its seed sequence, respectively. It consequently induces a dual inhibition of the target mRNA at both transcriptional and post-transcriptional levels, which represents a model of effective gene regulation by miRNA \[[@pgen.1006896.ref028]\]. Here, during our study of miRNAs regulating heme oxygenase-1 (HO-1) expression, we found another type of "dual regulation" including indirect transcriptional silencing and direct post-transcriptional inhibition.

HO-1 is a rate-limiting enzyme that metabolizes heme to generate carbon monoxide (CO), ferrous iron, and biliverdin; biliverdin is subsequently reduced to bilirubin by biliverdin reductase \[[@pgen.1006896.ref029], [@pgen.1006896.ref030]\]. Although the physiological HO-1 expression is only found in normal liver and spleen, HO-1 is highly induced in different types of tumors, including melanoma \[[@pgen.1006896.ref031]\], glioblastoma \[[@pgen.1006896.ref032]\], pancreatic cancer \[[@pgen.1006896.ref033]\], prostate cancer \[[@pgen.1006896.ref034]\] and non-small-cell lung cancer \[[@pgen.1006896.ref035]\]. A growing number of studies have demonstrated that HO-1 modulated tumor growth by regulating apoptosis and cell cycle, stimulating angiogenesis, and inhibiting or terminating inflammatory response \[[@pgen.1006896.ref036], [@pgen.1006896.ref037]\]. Here we report that miR-1254 is a miRNA which down-regulated HO-1 via two distinct mechanisms. On the one hand, miR-1254 directly targets HO-1 via its seed sequence and represses HO-1 expression at post-transcriptional level. On the other hand, miR-1254 targets transcription factor AP-2 alpha (TFAP2A) which is a transcriptional activator of HO-1, via its non-seed sequence, and consequently represses HO-1 expression at transcriptional level. MiR-1254 induces cell apoptosis and cell cycle arrest in NSCLC cells by inhibiting the expression of HO-1, consequently suppresses NSCLC cell growth. HO-1 expression is inversely correlated with miR-1254 level in human NSCLC tumor samples and cell lines. Collectively, these findings identify the dual inhibition of HO-1 through miR-1254 as a novel functional mechanism of miRNA, which results in a more effective inhibition of oncogenic mRNA, and leads to a tumor suppressive effect.

Results {#sec002}
=======

Bioinformatics and experimental screening identify miR-1254 as a negative regulator of HO-1 {#sec003}
-------------------------------------------------------------------------------------------

HO-1 over-expression has been reported to be involved in tumor growth and malignant progression \[[@pgen.1006896.ref031]--[@pgen.1006896.ref035]\], previous study from our laboratory has demonstrated that HO-1 is down-regulated by miR-1304 in lung cancer cell lines \[[@pgen.1006896.ref037]\]. In order to find more effective miRNAs, we explored the miRNAs that potentially bind to the 3'UTR of HO-1 using bioinformatics tools. Twenty-six miRNAs were predicted to target HO-1 using all three databases (TargetScan \[[@pgen.1006896.ref038]\], miRanda \[[@pgen.1006896.ref039]\] and PITA \[[@pgen.1006896.ref010]\]) ([Fig 1A](#pgen.1006896.g001){ref-type="fig"}, left). To confirm whether these miRNAs target the 3\`UTR of HO-1, we constructed a dual luciferase reporter (psi-HO1) by cloning human HO-1 3\`UTR into the psiCHECK2 vector. Through co-transfection of 26 miRNAs individually with psi-HO1 reporter into HEK293 cells, we found that 11 miRNAs potently reduced the luciferase activity of psi-HO1 reporter ([Fig 1A](#pgen.1006896.g001){ref-type="fig"}, right), indicating that these miRNAs potentially targeting HO-1 3\`UTR and inhibiting HO-1 expression. To corroborate this finding, we transfected these miRNAs into human NSCLC A549 cells, western blot assays showed that miR-1254 had the strongest and most stable inhibitory effect on HO-1 protein expression ([Fig 1B](#pgen.1006896.g001){ref-type="fig"}). We transfected different doses of miR-1254 into A549 cells, and found that miR-1254 suppressed HO-1 expression at both protein and mRNA levels in a dose-dependent manner ([Fig 1C](#pgen.1006896.g001){ref-type="fig"}). However, the inhibition at mRNA and protein levels were not perfectly consistent, in low doses of miR-1254 (0.5\~1nM), the inhibition at mRNA level is stronger than protein level, while in higher doses of miR-1254 (6\~12.5nM), more dramatic inhibition was found at protein level, these results indicated that the suppression of HO-1 at mRNA and protein levels was probably achieved through different mechanisms. As a miRNA with the most dramatic inhibitory effects on HO-1 protein expression, and potentially functioning through multiple mechanisms, miR-1254 attracted our further interest.

![Bioinformatics and experimental screening identify miR-1254 as a negative regulator of HO-1.\
(A) Venn diagrams showing the number of microRNAs potentially bind to the 3'UTR of HO-1 using three predicting search programs of TargetScan, miRanda and PITA. The inhibition effects of predicted miRNAs on HO-1 3\`UTR were verified by luciferase assay. (B) Upper: Immunoblots of the extracts from A549 cells transfected with indicated miRNA mimics. Bottom: Quantification of HO-1 protein levels in A549 cells normalized to β-actin. (C) HO-1 protein or mRNA levels in A549 cells transfected with the indicated doses of miR-1254 for 48h. Upper: Representative blots; nc, negative oligonucleotides. Bottom: Quantification of HO-1 mRNA and protein levels normalized to β-actin (mRNA or protein) levels and plotted as fold changes relative to the values in cells transfected with nc. Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P* and \*\*\**P* \<0.01 vs. nc.](pgen.1006896.g001){#pgen.1006896.g001}

Both over-expressed and endogenous miR-1254 inhibit HO-1 expression in human NSCLC cells at both mRNA and protein levels {#sec004}
------------------------------------------------------------------------------------------------------------------------

We next sought to study the regulation of HO-1 expression by miR-1254 at both mRNA and protein levels in lung cancer cell lines. Human NSCLC A549 and NCI-H1975 cells were transfected with miR-1254 mimics for 48 hours, and then the expression levels of mature miR-1254, HO-1 protein and mRNA were examined. Taqman microRNA assay confirmed that miR-1254 mimics were successfully transfected into the cells and the level of mature miR-1254 was increased ([Fig 2A](#pgen.1006896.g002){ref-type="fig"}, top). Consequently, the mRNA and protein levels of HO-1 were down-regulated in the cells transfected with miR-1254 mimics compared to that with the negative control oligonucleotides ([Fig 2A](#pgen.1006896.g002){ref-type="fig"} bottom, [2B and 2C](#pgen.1006896.g002){ref-type="fig"}). We induced the expression of HO-1 in miR-1254-transfected and non-transfected cells via treatment with 20 μmol/L hemin, which is previously described as a HO-1 inducer \[[@pgen.1006896.ref040]\]. In the presence of hemin, we found that HO-1 expression was greatly increased, and transfection of miR-1254 mimics inhibited the expression of induced HO-1 as well, to a lesser extent ([Fig 2B and 2C](#pgen.1006896.g002){ref-type="fig"}). Taken together, our results demonstrated that miR-1254 mimics inhibited the expression of HO-1 in lung cancer cells. We subsequently explored whether the endogenous miR-1254 in NSCLC cells functions in the maintenance of HO-1 expression. MiR-1254 specific antisense oligonucleotides (Anti-1254) were used to down-regulate the level of endogenous miR-1254. Our results showed that the protein ([Fig 2D](#pgen.1006896.g002){ref-type="fig"}, left and middle) and mRNA ([Fig 2D](#pgen.1006896.g002){ref-type="fig"}, right) levels of HO-1 were up-regulated in A549 and NCI-H1975 lung cancer cells transfected with Anti-1254, compared to that with the negative control antisense oligonucleotides. In addition, CRISPR/Cas9 method was used to delete the genomic sequence of miR-1254 and further determine the endogenous relationship between miR-1254 and HO-1 ([Fig 2E](#pgen.1006896.g002){ref-type="fig"}). The results showed that deletion of miR-1254 genomic sequence by CRISPR/Cas9 diminished endogenous miR-1254 level in A549 cells ([Fig 2F](#pgen.1006896.g002){ref-type="fig"}). We established miR-1254 +/- and miR-1254 -/- cell lines derived from single clones, and examined HO-1 mRNA and protein levels in wild-type (WT), miR-1254 +/- and miR-1254 -/- cells. As expected, the expression of HO-1 at both mRNA and protein levels are negatively correlated with the level of miR-1254 in a dose-dependent manner ([Fig 2G](#pgen.1006896.g002){ref-type="fig"}). Taken together, all these results suggest that both overexpressed and endogenous miR-1254 inhibit the expression of HO-1.

![miR-1254 inhibits HO-1 expression.\
(A) MiR-1254 and HO-1 mRNA expression in A549 and NCI-H1975 cells transfected with miR-1254 mimics or negative control oligonucleotides (nc). (B and C) Western blot analysis of the HO-1 protein levels in the miR-1254 transfected NSCLC cell lines A549 or NCI-H1975. 20μM hemin was used to rescue the expression of HO-1 as a inducer. Upper: Representative blots. Bottom: Quantification of HO-1 protein levels normalized to β-actin protein levels and plotted as fold changes relative to the levels in cells transfected with nc. (D) HO-1 protein (left and middle) and mRNA (right) levels in NSCLC cell lines A549 or NCI-H1975 transfected with the indicated miRNA antisense oligonucleotides (Anti-1254), normalized to β-actin mRNA or protein levels and expressed relative to values in cells transfected with negative control antisense oligonucleotides (Anti-nc). Left: Representative immunoblots. 25nM of miRNA mimics or antisense oligonucleotides used for all experiments unless stated, cells harvested 48 h post-transfection. β-actin served as a loading control. Middle: Quantification of HO-1 protein levels normalized to β-actin. Right: HO-1 mRNA levels in A549 and NCI-H1975 cells. (E) Schematic representation of the CRISPR/Cas9 modified deletion of pri-miR-1254-1. The PAM sequence is italic. (F) Left: Genotyping of CRISPR/Cas9 modified miR-1254 knockdown A549 cells. Right: Taqman RT-PCR measurement of the expression level of miR-1254 in miR-1254 knockdown A549 cells. (G) HO-1 mRNA (upper) or protein (bottom) levels in CRISPR/Cas9 modified miR-1254 knockdown A549 cells. Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05,\*\**P* and \*\*\**P* \<0.01 vs. nc; \#*P*\<0.05, \#\#\#*P*\<0.01 vs. miR-1254.](pgen.1006896.g002){#pgen.1006896.g002}

Inhibition of HO-1 at protein but not mRNA levels were dependent on miR-1254 seed sequence through post-transcriptional gene silencing {#sec005}
--------------------------------------------------------------------------------------------------------------------------------------

Since miRNAs usually direct post-transcriptional gene silencing through seed sequence binding to the 3'-UTR region of the target mRNA, we investigated the post-transcriptional effects of miR-1254 on HO-1. Predicted by TargetScan, miR-1254 seed region was complementary to the sequences from 1166--1172 in 3′UTR of HO-1 mRNA ([Fig 3A](#pgen.1006896.g003){ref-type="fig"}). We generated dual luciferase reporter constructs containing wild type or mutant HO-1 3'UTR with mutations in miR-1254 potential binding site. Co-transfection of the wild type reporter with miR-1254 mimics resulted in a decrease of the luciferase activity in HEK293 cells ([Fig 3B](#pgen.1006896.g003){ref-type="fig"}, lane1 and 2). As expected, the effect of miR-1254 mimics on luciferase activity was abolished in cells co-transfected with the reporter containing mutation in its binding site ([Fig 3B](#pgen.1006896.g003){ref-type="fig"}). We further examined the mRNA and protein levels of HO-1 in A549 cells transfected with either miR-1254 or its seed sequence mutant (5\`mt). Intriguingly, miR-1254-induced inhibition of HO-1 at mRNA level was not affected ([Fig 3C](#pgen.1006896.g003){ref-type="fig"}) and the inhibition at protein level was only partly abolished ([Fig 3D](#pgen.1006896.g003){ref-type="fig"}) upon transfection with 5\`mt in A549 cells.

![miR-1254 represses HO-1 transcription.\
(A) Sequence alignment of wild-type/5mt miR-1254 with wild-type/mutant HO-1 3\`UTR. (B) Luciferase activity in HEK293 cells transfected with miR-1254 mimics and reporter plasmids containing wt or mt HO-1 3′-UTR normalized to activity in cells transfected with nc. (C and D) HO-1 mRNA (C) and protein (D) levels in A549 cells transfected with the indicated nucleotides (MiR-1254 and its 5\`mt) for 48 h were measured by qRT-PCR and immunoblotting respectively. (E) The effect of miR-1254 on HO-1 mRNA stability. A549 and NCI-H1975 cells were transiently transfected with the indicated oligonucleotides, and after 4 hours each culture was treated with 5 μg/ml actinomycin D (ActD) for the indicated times. (F) ChIP analysis of the polⅡ binding to the HO-1 promoter in the A549 cells using antibodies against polⅡ, with IgG as a negative control. Top: Representative images. Bottom: Statistical results. (G) Nucleotides with mutations (underlined and italic) used in all experiments. (H and I) Luciferase activity in HEK293 cells (H) and HO-1 mRNA expression in A549 cells (I), cells were all transfected with indicated oligonuclitides and harvested 48h post-transfection. Data are presented as the mean ± SEM of three independent experiments. \**P* \<0.05, \*\**P* and \*\*\**P* \<0.01 vs. nc; \#*P* \<0.05, \#\#*P* and \#\#\#*P* \<0.01 vs miR-1254.](pgen.1006896.g003){#pgen.1006896.g003}

Given that miR-1254 reduced HO-1 mRNA level in A549 and NCI-H1975 cells ([Fig 2A--2C](#pgen.1006896.g002){ref-type="fig"} and [Fig 3C and 3D](#pgen.1006896.g003){ref-type="fig"}), we determined HO-1 mRNA half-life to preclude the contribution of miR-1254 on HO-1 mRNA stability. A549 and NCI-H1975 cells were transiently transfected with miR-1254 and control oligonucleotides (nc), and after 4 hours, cells were treated with 5 μg/ml actinomycin D, which is an established inhibitor of mRNA transcription \[[@pgen.1006896.ref041], [@pgen.1006896.ref042]\], for different times. As shown in [Fig 3E](#pgen.1006896.g003){ref-type="fig"}, the half-life of HO-1 mRNA in A549 or NCI-H1975 cells transfected with miR-1254 was unaffected compared to the control cells, suggesting that miR-1254 did not affect HO-1 mRNA stability. This indicates that the inhibition of HO-1 at mRNA level is independent on the seed region of miR-1254, and provides further evidence to support our hypothesis that miR-1254 suppresses HO-1 expression through multiple mechanisms.

MiR-1254 suppresses HO-1 transcription via its non-seed region {#sec006}
--------------------------------------------------------------

To test the hypothesis that whether miR-1254 suppresses HO-1 at the transcriptional level, first, we performed chromatin immunoprecipitation (ChIP) assays in A549 cells to examine the binding of RNA polymerase Ⅱ (pol-Ⅱ) on HO-1 promoter, and found that pol-Ⅱ but not an IgG control enrichment on HO-1 promoter fragment was reduced by miR-1254 ([Fig 3F](#pgen.1006896.g003){ref-type="fig"}). Second, we constructed a HO-1 promoter (PGL-HO1) reporter by cloning a ∼1.5 kb human HO-1 promoter into the firefly luciferase vector PGL4.10, and we found that expressing miR-1254 greatly inhibited the luciferase activity of the reporter in HEK293 cells ([Fig 3H](#pgen.1006896.g003){ref-type="fig"}, lane1 and 2). These findings suggest that miR-1254 represses HO-1 at transcriptional level. Moreover, mutation in miR-1254 seed region did not abolish the inhibition on the luciferase activity of the reporter, which indicated the transcriptional regulation functioned through the non-seed region ([Fig 3H](#pgen.1006896.g003){ref-type="fig"}, lane 3). We designed different mutants of miR-1254 with mutations in non-seed region, and transfected them into HEK293 cells separately. As shown in the results, the mid region mutant mmt-6 (mmt) and the 3\`region mutant 3mt-5 (3'mt) eliminated the inhibition of miR-1254 on HO-1 promoter activity ([S1A Fig](#pgen.1006896.s001){ref-type="supplementary-material"} and [Fig 3H](#pgen.1006896.g003){ref-type="fig"}, left, lane4 and 5). So we choose the mmt and 3'mt mutants in the following studies ([Fig 3G](#pgen.1006896.g003){ref-type="fig"}). We examined the effect of miR-1254 non-seed region mutation (mmt and 3mt) on HO-1 mRNA in A549 ([Fig 3I](#pgen.1006896.g003){ref-type="fig"}) and NCI-H1975 ([S4A Fig](#pgen.1006896.s004){ref-type="supplementary-material"}, left) cells using qRT-PCR. Consistently with dual luciferase report assay, both mmt and 3mt abolished the inhibitory effects on HO-1 mRNA expression. These results suggest that miR-1254 inhibits HO-1 transcription via its non-seed sequence, while the seed region is additionally responsible for the inhibition at post-transcription level, which may consequently induces a dual inhibition of HO-1.

MiR-1254 inhibits HO-1 transcription by targeting TFAP2A {#sec007}
--------------------------------------------------------

The novelty of miR-1254 non seed region induced transcriptional gene silencing (TGS) on HO-1 inspired us to explore the exact functional mechanism of its non-seed sequence. Our laboratory has reported that miR-552 binds to CYP2E1 promoter region via its non-seed sequence and induces TGS of CYP2E1 \[[@pgen.1006896.ref028]\]. We analyzed the sequence alignment of miR-1254 with HO-1 promoter using miRBase database \[[@pgen.1006896.ref039]\] and RNA hybrid \[[@pgen.1006896.ref043]\], there were 6 potential binding sites in the fragment within 1.5kb upstream from the transcription start site (TSS) ([S2A Fig](#pgen.1006896.s002){ref-type="supplementary-material"}, top). Non-denaturing PAGE experiment was performed to test the binding ability of miR-1254 with these 6 sites in vitro, and data showed that site 2 had the highest possibility to form hybrids with miR-1254 ([S2A Fig](#pgen.1006896.s002){ref-type="supplementary-material"}, bottom). Next we used CRISPR/Cas9 to knockout site 2 in HO-1 promoter, however, the inhibition of miR-1254 on HO-1 mRNA level was not affected ([S2B and S2C Fig](#pgen.1006896.s002){ref-type="supplementary-material"}). These results suggest that site 2 is not the functionally targeting motif in HO-1 promoter. Subsequently, we cloned 6 fragments of HO-1 promoter with varying length ([S3A Fig](#pgen.1006896.s003){ref-type="supplementary-material"}) into the firefly luciferase vector PGL4.10 and individually co-expressed with miR-1254 in HEK293 cells. Data showed that expressing miR-1254 greatly inhibited the luciferase activity of the reporter containing the shortest fragment 1(only 150 bp upstream from TSS) ([S3B Fig](#pgen.1006896.s003){ref-type="supplementary-material"}). However, when we mutated both of the two potential binding sites in the fragment based on sequence alignment, the inhibition of miR-1254 on HO-1 promoter was not abolished ([S3C Fig](#pgen.1006896.s003){ref-type="supplementary-material"}). Altogether, the results suggested that miR-1254 might not suppress HO-1 transcription via directly targeting HO-1 promoter.

Previous study showed that miRNAs can also induced DNA methylation and consequently induced transcription inhibition \[[@pgen.1006896.ref044], [@pgen.1006896.ref045]\]. We tested this possibility by treating A549 cells with 1μM Decitabine, a DNA demethylation drug for 48 h, after transfection with miR-1254. As shown in [S3D Fig](#pgen.1006896.s003){ref-type="supplementary-material"}, DNA methylation was abolished, however, the inhibitory effect of miR-1254 on HO-1 transcription still existed.

After excluding the possible mechanisms that miR-1254 directly targets HO-1 promoter or induces DNA methylation of HO-1 CpG islands we hypothesized that miR-1254 inhibits the transcription factors of HO-1 and consequently induces TGS. Plenty of regulatory elements have been identified in the promoter region of HO-1, targeted by transcriptional factors such as nuclear factor (erythroid-derived 2)-like 2 (Nrf2) \[[@pgen.1006896.ref046], [@pgen.1006896.ref047]\], activating protein-1 (AP-1) \[[@pgen.1006896.ref048]\], up-stream stimulatory factor (USF) \[[@pgen.1006896.ref049]\], nuclear factor-κB (NF-κB) and transcription factor AP-2(TFAP2) \[[@pgen.1006896.ref050]\]. Since expressing miR-1254 inhibits the luciferase activity of the reporter containing the shortest fragment 1(only 150 bp upstream from TSS), and mutation of the binding sites on HO-1 promoter did not abolish the inhibitory effects, it's possible that miR-1254 inhibit HO-1 transcription through targeting transcriptional factors. Predicted by TRANSFAC, TFAP2A and USF1 binding sites can be searched in this region. However, binding sites of NFκB, Nrf2 or AP-1 could not. Previous studies have demonstrated that the binding sites of NFκB are near to the binding sites of TFAP2A \[[@pgen.1006896.ref046], [@pgen.1006896.ref050]\], so we examined the expression of NFκB as well as TFAP2A and USF1. The results showed that TFAP2A but not USF1 or NF-κB was inhibited by miR-1254 and the inhibition effect were abolished by miR-1254 non-seed region mutants (mmt or 3mt), but not by seed region mutant (5mt), which indicated that TFAP2A may be involved in miR-1254-induced HO-1 TGS in A549 ([Fig 4A](#pgen.1006896.g004){ref-type="fig"}) and NCI-H1975 cells ([S4A Fig](#pgen.1006896.s004){ref-type="supplementary-material"}, right). RNA interference knockdown of TFAP2A (si-TFAP2A) potently reduced the HO-1 promoter luciferase reporter activity ([Fig 4B](#pgen.1006896.g004){ref-type="fig"}, left). To further study the role of TFAP2A in miR-1254 regulation of HO-1, we cloned the coding sequence of TFAP2A into pTT5 vector (pTT5-TFAP2A) and then co-transfected it with PGL-HO1 into HEK293 cells. As shown in the data, the PGL-HO1 luciferase activity was substantially increased by the co-transfection with pTT5-TFAP2A in a dose-dependent manner ([Fig 4B](#pgen.1006896.g004){ref-type="fig"}, right). We confirmed these results in A549 ([Fig 4C](#pgen.1006896.g004){ref-type="fig"}) and NCI-H1975 cells ([S4B Fig](#pgen.1006896.s004){ref-type="supplementary-material"}) with TFAP2A knocked down using chemically synthesized siRNA against TFAP2A (si-TFAP2A), the results consistently showed that HO-1 protein expression was decreased by si-TFAP2A. These results suggest that TFAP2A is a major transcription factor that functions in HO-1 activation in these cells.

![miR-1254 down-regulates HO-1 transcription via targeting TFAP2A.\
(A) qRT-PCR analysis of TFAP2A, USF1 and NF-κB mRNA levels in cells transfected with indicated oligonucleotides. (B) Luciferase activity assays of the PGL-HO1 reporter in HEK293 cells with TFAP2A knockdown (left) or over-expression (right). (C) Western blot analysis of the effect of TFAP2A knockdown on HO-1 protein expression compared with miR-1254 in A549 cells. (D) The mRNA levels of TFAP2A, USF1 and NF-κB in CRISPR/Cas9-modified miR-1254 knockdown A549 cells. (E) Western blot analysis of the protein level of TFAP2A in the CRISPR/Cas9-modified miR-1254 knockdown A549 cells. (F) HO-1 protein levels in cells transfected with the indicated oligonucleotides (miR-1254 and its mutants) for 48 h assayed by immunoblotting. Left: Representative images. Right: Statistical results. (G) Western blot analysis of the TFAP2A over-expression effect on HO-1 protein expression compared with miR-1254 in A549 cells. (H) ChIP analysis of the polⅡ and TFAP2A enrichment in HO-1 promoter in A549 cells using antibodies against polⅡand TFAP2A, with IgG as a negative control. Left: Representative images. Right: Statistical results. Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P* and \*\*\**P* \<0.01 vs. nc; \#*P*\<0.05, \#\#*P* and \#\#\#*P* \<0.01 vs miR-1254.](pgen.1006896.g004){#pgen.1006896.g004}

Then, we examined the changes at mRNA and protein levels in A549 cells with CRIPSR/Cas9-modified miR-1254 knockdown. The results showed that the mRNA ([Fig 4D](#pgen.1006896.g004){ref-type="fig"}) and protein ([Fig 4E](#pgen.1006896.g004){ref-type="fig"}) expression levels of TFAF2A were dramatically increased in a dose-dependent manner in miR-1254-knockdown cells, but not the other two transcription factors of USF1 and NF-κB ([Fig 4D](#pgen.1006896.g004){ref-type="fig"}), consistently with the changes of HO-1 expression at mRNA level ([Fig 2G](#pgen.1006896.g002){ref-type="fig"}). These results suggested that the endogenous miR-1254 inhibited TFAP2A expression at both mRNA and protein levels. We then performed western blot assay to examine the effects of miR-1254 and its mutants on protein levels of TFAP2A and HO-1 in NSCLC cells. Consistently, the protein levels of both TFAP2A and HO-1 were inhibited by miR-1254 in both A549 ([Fig 4F](#pgen.1006896.g004){ref-type="fig"}, lane1 and 2) and NCI-H1975 ([S4C Fig](#pgen.1006896.s004){ref-type="supplementary-material"}, lane1 and 2) cells. MiR-1254 mmt basically lost the inhibition on TFAF2A and HO-1 protein expression, while miR-1254 5mt maintained the inhibitory function on TFAP2A, and partially attenuated the protein reduction of HO-1 (Figs [4F](#pgen.1006896.g004){ref-type="fig"} and [S4C](#pgen.1006896.s004){ref-type="supplementary-material"}).

To confirm whether miR-1254 inhibits HO-1 mRNA expression through down-regulating TFAF2A, we co-transfected miR-1254 mimics with pTT5-TFAP2A into A549 ([Fig 4G](#pgen.1006896.g004){ref-type="fig"}) and NCI-H1975 cells ([S4D Fig](#pgen.1006896.s004){ref-type="supplementary-material"}), the results showed that over-expression of TFAP2A rescued miR-1254-induced inhibition on HO-1 expression. We further performed chromatin immunoprecipitation (ChIP) assays in A549 cells, and found that the enrichment of TFAP2A but not an IgG control on HO-1 promoter fragment was reduced by miR-1254, consistently with the enrichment results of polymerase Ⅱ (pol-Ⅱ) ([Fig 4H](#pgen.1006896.g004){ref-type="fig"}). Collectively, these findings support that TFAP2A is a transcriptional activator for HO-1 in NSCLC cells and miR-1254 represses HO-1 transcription through targeting TFAP2A.

MiR-1254 targets TFAP2A 3\`UTR via its non-seed sequence {#sec008}
--------------------------------------------------------

Our results suggested miR-1254 directs TGS of HO-1 expression via targeting the transcriptional activator TFAP2A, possibly through its non-seed region. We then elucidated the regulatory mechanism through which miR-1254 suppressed TFAP2A expression. We cloned 3\`UTR of TFAP2A into the luciferase reporter psi-CHECK2 (psi-TFAP2A) and co-transfected with miR-1254 mimics or its mutants with mutation in different regions into HEK293cells. Consistent with the results on HO-1 mRNA expression, the luciferase activity of psi-TFAF2A was inhibited by miR-1254, and the inhibitory effect was abolished by miR-1254 non-seed region mutants (mmt or 3mt) but not seed region mutant (5mt) ([Fig 5A](#pgen.1006896.g005){ref-type="fig"}). Then, we analyzed the sequence alignment of miR-1254 with TFAP2A 3\`UTR. Predicted by RNA hybrid, miR-1254 non-seed region was complementary to the sequence in 3′UTR of TFAP2A mRNA (from 264--257) ([Fig 5B](#pgen.1006896.g005){ref-type="fig"}). When mutations were introduced into the 8 nt sequence in TFAP2A mRNA 3'-UTR complementary to non-seed sequence of miR-1254, miR-1254 could not suppress the activity of the mutant reporter any longer ([Fig 5C](#pgen.1006896.g005){ref-type="fig"}). Moreover, mutations were also introduced in seed and non-seed region of miR-1254 (5'mt, mut), qRT- PCR was performed to test their effects on HO-1 in A549 cells. As shown in the results, mRNA expression of TFAP2A was rescued when miR-1254 non-seed region were mutant ([Fig 5D](#pgen.1006896.g005){ref-type="fig"}).

![miR-1254 targets TFAP2A 3\`UTR via its non-seed sequence.\
(A) Luciferase activity of psi-TFAP2A reporter in HEK293 cells transfected with indicated oligonucleotides. (B) Sequence complementarity between the 3′UTR of TFAP2A mRNA and the different region of miR-1254. (C) Luciferase activity in HEK293 cells transfected with miR-1254 mimics and reporter plasmids containing wt or mt TFAP2A 3′-UTR normalized to that in cells transfected with negative control (nc). (D) TFAP2A and HO-1 mRNA levels in A549 cells transfected with indicated oligonucleotides. (E) Upper: Schematic representation of the CRISPR/Cas9 modified nucleotides knockout in TFAP2A 3\`UTR, the PAM sequence is italic. Bottom: DNA sequencing used to confirm the CRISPR/Cas9 modified genome editing.(F) qRT-PCR analysis of the mRNA levels of TFAP2A and HO-1 expression in the CRISPR-sites A549 cells. CRISPR-sites A549 cells: CRISPR/Cas9-modified A549 cells which the binding sites of miR-1254 on TFAP2A 3\`UTR were deleted.(G) Western blot analysis of the effects of miR-1254 on TFAP2A and HO-1 expression in wild-type or CRISPR-sites A549 cell lines. Left: Representative images. Right: Statistical results. Data are presented as the mean ± SEM of three independent experiments. \*\**P* and \*\*\**P* \<0.01 vs. nc; \#*P*\<0.05,\#\#*P* and \#\#\#*P* \<0.01 vs. miR-1254.](pgen.1006896.g005){#pgen.1006896.g005}

CRISPR/Cas9 was used to knockout the endogenous binding site of miR-1254 on TFAP2A 3\`UTR genomic sequence ([Fig 5E](#pgen.1006896.g005){ref-type="fig"}). The results showed that the inhibitory effect of miR-1254 on TFAP2A ([Fig 5F](#pgen.1006896.g005){ref-type="fig"}, left) and HO-1 ([Fig 5F](#pgen.1006896.g005){ref-type="fig"}, right) mRNA level were completely abolished in CRISPR/Cas9-modified A549 cells (CRISPR-sites). In addition, western blot showed that miR-1254 could not suppress TFAP2A protein expression any longer, however, miR-1254 still strongly inhibited HO-1 protein expression in CRISPR-sites cells ([Fig 5G](#pgen.1006896.g005){ref-type="fig"}). These results suggest that miR-1254 binds to TFAP2A 3\`UTR via its non-seed sequence through an 8 nt-contiguous Watson--Crick pairs and miR-1254 represses HO-1 expression at post-transcriptional level by directly targeting HO-1 3'UTR via its seed sequence. Altogether, we found that miR-1254 suppresses HO-1 expression at mRNA and protein levels through different mechanisms, and dependent on different regions.

MiR-1254 suppresses cell growth of NSCLC cells through HO-1 by inducing cell cycle arrest and cell apoptosis {#sec009}
------------------------------------------------------------------------------------------------------------

As described previously, it has been found that HO-1 plays a vital role in promoting cell survival in several types of cancer \[[@pgen.1006896.ref031]--[@pgen.1006896.ref035]\]. It is highly possible that miR-1254 regulates human lung cancer cell growth through modulating the expression of HO-1. In order to investigate the effects of miR-1254 on lung cancer cell growth, miR-1254 mimics were transfected into A549 and NCI-H1975 cells. Trypan blue staining showed that miR-1254 over-expression for 3 days markedly decreased the number of A549 ([Fig 6A](#pgen.1006896.g006){ref-type="fig"}) and NCI-H1975 cells ([S5A Fig](#pgen.1006896.s005){ref-type="supplementary-material"}). MTT assay was used to examine the effects of miR-1254 on cell viability. Our results showed that the viability of A549 and NCI-H1975 cells transfected with miR-1254 mimics was clearly decreased compared to those transfected with negative control oligonucleotides (Figs [6B](#pgen.1006896.g006){ref-type="fig"} and [S5B](#pgen.1006896.s005){ref-type="supplementary-material"}). In the colony formation assay, transfection with miR-1254 mimics inhibited the colony-forming activity of both A549 and NCI-H1975 cells, while transfection with negative control oligonucleotides has no such effects (Figs [6C](#pgen.1006896.g006){ref-type="fig"} and [S5C](#pgen.1006896.s005){ref-type="supplementary-material"}). To determine the relationship between HO-1, miR-1254 and cell survival, a combination study was carried out whereby cells were first transfected with miR-1254 mimics, followed by treatment with 20μM hemin chloride \[[@pgen.1006896.ref040]\]. Trypan blue staining, MTT assay and colony formation assay revealed that the decrease of cell viability due to miR-1254 transfection could be rescued by inducing HO-1 expression with hemin chloride in A549 ([Fig 6A--6C](#pgen.1006896.g006){ref-type="fig"}) and NCI-H1975 ([S5A--S5C Fig](#pgen.1006896.s005){ref-type="supplementary-material"}) cells. These data demonstrated that miR-1254 suppresses the growth of NSCLC cells by repressing the expression of HO-1.

![HO-1 plays a critical role in miR-1254-modified cell growth suppression of NSCLC cells.\
(A-C) Inhibition of cell growth by miR-1254 in A549 cells. Cells were transfected with miR-1254 mimics or negative control oligonucleotides (nc), 20μM hemin was used to rescue the expression of HO-1 as a inducer. (A) Trypan blue staining assays. Cells were counted 72h after transfection. (B) MTT analysis of cell viability in A549 cells transfected with miR-1254 mimics or nc. (C) Colony formation in A549 cells transfected with miR-1254 mimics compared with nc. Upper: Representative image of the colony formation. Bottom: Statistical results. (D) Western blot analysis of the protein levels of proliferating cell nuclear antigen (PCNA) and HO-1 in the cells transfected with indicated plasmids and oligonucleotides, β-actin served as internal normalized reference. (E and F) Flow cytometry analysis of cell cycle (E) and apoptosis (F) in A549 cells. Upper: Representative images. Bottom: Statistical results. Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P* and \*\*\**P* \<0.01 vs. nc; \#*P*\<0.05, \#\#*P* and \#\#\#*P* \<0.01 vs miR-1254.](pgen.1006896.g006){#pgen.1006896.g006}

To explore the precise path by which miR-1254 reduced the NSCLC cell number, we cloned the coding sequence of HO-1 into pTT5 vector (pTT5-HO1). The plasmids were transfected into NSCLC cells to overexpress HO-1 and test the rescue effects on cell proliferation, cell cycle and apoptosis. Western blot analysis of HO-1 and proliferating cell nuclear antigen (PCNA) indicated that miR-1254 over-expression in A549 cells reduced cell proliferation, as expected, the restoration of HO-1 expression strongly overrode the repression effects ([Fig 6D](#pgen.1006896.g006){ref-type="fig"}). Flow cytometry combining with PI staining and Annexin V-FITC/PI staining assay were used to analyze the cell cycle and apoptosis, respectively. The results showed that enforced miR-1254 expression led to more than 10% S phase cell cycle arrest and a significantly higher percentage of apoptotic cells. Consistently, HO-1 re-expression attenuated miR-1254-induced S phase cell cycle arrest and cell apoptosis in A549 ([Fig 6E and 6F](#pgen.1006896.g006){ref-type="fig"}) and NCI-H1975 ([S5D Fig](#pgen.1006896.s005){ref-type="supplementary-material"} and [S5E Fig](#pgen.1006896.s005){ref-type="supplementary-material"}). Altogether, these results implied that miR-1254 suppress the growth of NSCLC cells by inducing cell cycle arrest and cell apoptosis, and with a mechanism of inhibiting HO-1 expression.

MiR-1254 suppresses NSCLC tumor growth in vivo {#sec010}
----------------------------------------------

MiR-1254 has been reported to be down-regulated in breast cancer cells. Over-expressing of miR-1254 could inhibit breast tumor growth and overrides tamoxifen resistance \[[@pgen.1006896.ref051]\]. Our *in vitro* results suggested miR-1254 suppressed NSCLC cell growth, we also study the *in vivo* effects using mouse xenograft model. We established A549 cell line stably over-expressing miR-1254 (A549/miR-1254) by lentiviral transduction. Western blot showed that TFAP2A and HO-1 protein levels in A549/miR-1254 cells were markedly decreased compared with the cells over-expressing negative control oligonucleotides (A549/Cont cells) ([S5F Fig](#pgen.1006896.s005){ref-type="supplementary-material"}). Then, A549/miR-1254 and A549/Cont cells were subcutaneously injected into nude mice respectively. We found that over-expression of miR-1254 in A549 cells significantly reduced tumor growth in nude mice compared with control cells ([Fig 7A](#pgen.1006896.g007){ref-type="fig"}). These results additionally support our original finding that miR-1254 has inhibitory effects on NSCLC growth.

![MiR-1254 suppresses NSCLC tumor growth in vivo.\
(A) Representative photographs of the tumors at day 35 after inoculation with either the A549/miR-1254 or A549/miR-Control cells. (B) Comparison of HO-1 mRNA levels in paired NSCLC tumor samples and normal lung tissue specimens (n = 34). (C) Analysis of the TFAP2A expression in paired tumor and normal samples from patients with NSCLC in The Cancer Genome Atlas (TCGA) database (n = 57). (D) Inverse correlation between HO-1 expression and miR-1254 level in NSCLC tumor samples. miR-1254 and HO-1 mRNA levels in tumor specimens (n = 34) were determined by qRT--PCR, with U6 andβ-actin as respective internal normalized references. The correlation between the miR-1254 and HO-1 expression in these tumors was examined using the Spearman's correlation test. (E) qRT--PCR analysis of the expression of miR-1254 and HO-1 in the lung cancer cell lines (NCI-1395, NCI-H1975, A549, MSTO-211H, NCI-H292, Calu-3). U6 and β-actin served as internal normalized references for miR-1254 and HO-1, respectively. (F) Diagram of working model. Data in all experiments were mean ± SEM of three independent experiments in triplicates. *\*P* \< 0.05, *\*\*\*P* \< 0.01 vs. nc.](pgen.1006896.g007){#pgen.1006896.g007}

HO-1 expression is inversely correlated with miR-1254 expression in human NSCLC tumor samples and cell lines {#sec011}
------------------------------------------------------------------------------------------------------------

We examined the HO-1 mRNA level in 34 paired frozen NSCLC tumor samples and normal lung tissue specimens. Using quantitative reverse transcription--PCR (qRT--PCR), we found that the expression levels of HO-1 in tumor were significantly higher than those in normal lung tissues ([Fig 7B](#pgen.1006896.g007){ref-type="fig"}). We analyzed the expression of TFAP2A in 57 paired tumor and normal samples from patients with NSCLC in The Cancer Genome Atlas (TCGA) database, and found that TFAP2A was significantly induced in tumor samples, consistently with HO-1 ([Fig 7C](#pgen.1006896.g007){ref-type="fig"}). To characterize whether miR-1254 is involved in HO-1 regulation in human NSCLC, qRT--PCR was used to examine the levels of both miR-1254 and HO-1 mRNA in the same set of human NSCLC specimens. We found an inverse correlation between the level of miR-1254 and HO-1 mRNA expression in these tumors (Spearman's R = − 0.4686, P = 0.0052\<0.01 = ([Fig 7D](#pgen.1006896.g007){ref-type="fig"}). The negative correlation between HO-1 and miR-1254 was also observed in multiple human lung cancer cell lines ([Fig 7E](#pgen.1006896.g007){ref-type="fig"}). The results indicate that miR-1254 may be a negative regulator of HO-1 in human NSCLC patient samples and cell lines.

Discussion {#sec012}
==========

In general, miRNAs bind to 3\`UTR of target mRNAs and direct PTGS via its seed sequence, however, we and other groups demonstrated that miRNAs can also function through its non-seed sequence \[[@pgen.1006896.ref019], [@pgen.1006896.ref028]\]. For example, 11--12 nt Watson--Crick paring between the center of the miRNA and the "centered sites" in target was proved to be functional in target suppression. \[[@pgen.1006896.ref019], [@pgen.1006896.ref020]\]. Our results suggest that miR-1254 binds to TFAP2A 3\`UTR via its non-seed sequence through 8 contiguous Watson--Crick pairs effectively inhibits TFAF2A and its target gene HO- 1 expression. When we screened the miRNAs which potentially target HO-1 3'-UTR, which indicated the effect of post-transcriptional gene regulation, miR-1254 was not the one which has the most dramatic effect on HO-1 3'-UTR luciferase reporter, however, miR-1254 is the one which suppresses HO-1 protein expression most effectively, which also indicates a transcriptional inhibition in addition to the post-transcriptional gene silencing. Our data showed that HO-1 expression was negatively regulated by miR-1254 at transcriptional and post-transcriptional levels via its non-seed sequence and seed sequence, with indirect and direct mechanisms, respectively. The dual inhibition of miR-1254 we found here may represent a novel regulatory mechanism of miRNA, which results in a stronger and more stable suppression on target gene expression.

Previous studies have reported that miR-1254 expression is dysregulated in human breast cancer\[[@pgen.1006896.ref051]\], retinoblastoma\[[@pgen.1006896.ref052]\] and NSCLC\[[@pgen.1006896.ref053], [@pgen.1006896.ref054]\]. MiR-1254 was identified as a circulating miRNA downregulated in NSCLC patient serum, compared with healthy control \[[@pgen.1006896.ref054]\]. However, in another study, miR-1254 was detected upregulated in early-stage NSCLC tumor samples, and is considered as a candidate for serum-based biomarker \[[@pgen.1006896.ref053]\]. Those studies suggested that miR-1254 might be involved in tumor progression, but the exact function is largely unknown. As miR-1254 has a very high GC content (62.5%), it usually gives low reads in RNA-seq data, which makes it more difficult to be investigated \[[@pgen.1006896.ref051]\].

HO-1 expression is widely up-regulated in various types of tumors and consequently impacts tumor development by promoting cancer cell growth, invasion and metastasis \[[@pgen.1006896.ref055]\]. Previous studies showed that HO-1 can be regulated at both transcriptional and post-transcriptional levels \[[@pgen.1006896.ref037], [@pgen.1006896.ref056]\]. Several miRNAs have been reported as regulators of HO-1\[[@pgen.1006896.ref037], [@pgen.1006896.ref040], [@pgen.1006896.ref057]\], and seven unreported miRNAs with inhibitory activity on HO-1 were screened out in our current work as shown in [Fig 1B](#pgen.1006896.g001){ref-type="fig"}. These miRNAs are inactivated in different types of cancer cells under most circumstances. In the present study, we demonstrated that HO-1 is regulated by miR-1254 at both mRNA and protein levels in human lung cancer cells. MiR-1254 directly targets HO-1 3'-UTR via its seed sequence and represses HO-1 expression at post-transcriptional level. In parallel, miR-1254 suppresses TFAP2A, which is a transcriptional activator of HO-1, via its non-seed sequence, and consequently represses HO-1 expression at transcriptional level. This dual regulatory mechanism by miR-1254 at both transcriptional and post-transcriptional levels has the potential to lead a more effective inhibition effect on HO-1. Moreover, there are many other oncogenes which are similarly regulated with HO-1, they could be regulated both by miR-1254 and TFAP2A directly. ChIPBase was used to predict the transcriptional targets of TFAP2A and TargetScan was used to predict miR-1254 targets. The intersection of the two populations has 347 targets in total including HO-1. Importantly, our findings indicate that miR-1254 induces cell apoptosis and cell cycle arrest of NSCLC cells through inhibiting the expression of HO-1, consequently suppressing the NSCLC cell growth. The clinical data showing that HO-1 mRNA level is inversely correlated with miR-1254 in human NSCLC tumor samples, indicating that miR-1254 may be a negative regulator of HO-1 in physiological conditions. Collectively, our findings identify miR-1254 as an inhibitor of HO-1 with dual regulatory mechanisms via different sequence regions, and functioning in NSCLC cell growth inhibition ([Fig 7F](#pgen.1006896.g007){ref-type="fig"}).

Despite the new functional mechanism of miRNA non-seed sequence, many details in the mechanism remain far more elusive. For example, is the non-seed region-dependent transcriptional or post-transcriptional gene regulation a universal effect of miRNA? How many miRNAs have dual regulation on their targets like miR-1254? In terms of the components and functional mechanism of RISC, what's the difference between non-seed sequence-modified and seed region modified-gene regulation? Addressing these questions will give us a further insight into miRNA-modified gene regulation and also a better understanding of miRNA functions in the oncogenic signaling network.

Materials and methods {#sec013}
=====================

Ethics statement {#sec014}
----------------

For studies using human data, the study was approved by the ethics committees of Shanghai Pulmonary Hospital (approval number: K17-136) and an informed consent was obtained from all participants.

For studies using animal data, all experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals, the guidelines approved by the Institutional Animal Care and Use Committee of the Shanghai Institute of Materia Medica (approval number: 2017-01-RJ-136).

Clinical cancer samples {#sec015}
-----------------------

All cancer samples were obtained from Shanghai pulmonary hospital (Shanghai, China) and were stored in liquid nitrogen until analysis. All experiments were conducted in accordance with the Declaration of Helsinki.

Cell lines, culture conditions {#sec016}
------------------------------

Human lung adenocarcinoma cell lines (A549 and NCI-H1975) were obtained from the American Type Culture Collection (ATCC, USA). Cells were cultured in RPMI-1640 (Gibco, USA) medium supplemented with 10% fetal bovine serum (FBS). HEK293 cells were purchased from ATCC and cultured in DMEM medium supplemented with 10% FBS. Cells were maintained in a humidified incubator at 37°C with 5% CO~2~.

Cell transfection {#sec017}
-----------------

Transient transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. 50nM of small interfering RNA and 25nM miR-1254 mimic or antisense oligonucleotide was used. In the TFAP2A rescue experiment, 500 ng of plasmid DNA was used in a 6-well plate, and in the HO-1 rescue experiment, 100 ng of plasmid DNA was used in a 6-well plate.

Plasmid constructs and RNA oligonucleotides {#sec018}
-------------------------------------------

The plasmid pcDNA3.1-C5U (CCAR1 5\`UTR) was a kind gift from Dr. Tao Zhu (School of Life Sciences, University of Science and Technology of China, Hefei, Anhui 230027, China). We cloned CCAR1 5\`UTR into the lentiviral vector pCD513B-1 (pCD513B-1-1254) to over-express miR-1254. Human TFAP2A and HO-1 cDNA without 3′-UTR were cloned into pTT5 (obtained from Yves Durocher Lab) separately to construct the expression vectors. The 3\`UTR of human HO-1 and TFAP2A was amplified via PCR using the genomic DNA of A549 and the PCR fragment was cloned into the psi-CHECK-2 vector separately (Promega, Madison, WI, USA). The promoter of human HO-1(\~1.5kb) was also amplified via PCR using the genomic DNA of A549 and the PCR fragment was cloned into the PGL-4.10 vector. The primers used are listed in Supplementary [S2 Table](#pgen.1006896.s007){ref-type="supplementary-material"}. All constructs were confirmed via DNA sequencing. miR-1254 mimic, anti-miR-1254 and small interfering RNAs targeting TFAP2A, or their respective negative control RNAs were purchased from GenePharma (Shanghai, China). The sequences of the RNA oligonucleotides are provided in Supplementary [S1 Table](#pgen.1006896.s006){ref-type="supplementary-material"}.

Site-directed mutant luciferase reporter plasmids {#sec019}
-------------------------------------------------

The mutated plasmid was cloned using the KODPlus-Mutagenesis Kit (Toyobo, Osaka, Japan) as previously reported\[[@pgen.1006896.ref058]\]. All the primers were shown in Supplementary [S2 Table](#pgen.1006896.s007){ref-type="supplementary-material"}. DNA sequencing confirmed the nucleotide sequence of these plasmids.

RNA isolation and quantitative RT-PCR {#sec020}
-------------------------------------

Total RNA was extracted from cells using Trizol reagent (Invitrogen, USA) according to the manufacturer's protocol. For HO-1 and TFAP2A expression, reverse transcription was performed with PrimeScript RT Master Mix (TaKaRa Biotechnology, China) following the manufacturer's handbook. Quantitative real-time PCR (qPCR) was performed with QuantiNova SYBR Green PCR kit (Qiagen, USA) and analyzed on Rotor-Gene Q 2plex HRM System (Qiagen, USA).The relative HO-1 and TFAP2A mRNA levels were analyzed by normalizing the threshold cycle (Ct) value to that of internal loading control, β-actin. The primers are provided in the Supplementary [S2 Table](#pgen.1006896.s007){ref-type="supplementary-material"}.

To quantify mature miR-1254, total RNA was reversely transcribed and amplified using TaqMan MicroRNA assay kit (Invitrogen, USA) according to the manufacturer\'s instructions. U6 snRNA were used as an internal loading control.

Western blot {#sec021}
------------

Total protein lysates were prepared from tumor cells and separated by 10% SDS-PAGE, transferred to PVDF membranes (Millipore, USA) and incubated with a primary antibody. HO-1 polyclonal antibody was purchased from Enzo Life Sciences, TFAP2A and PCNA antibodies were obtained from ABclonal Biotechnology, β-actin (Santa Cruze, USA) or α-tubulin (Cell Signaling Technology, Beverly, MA) was used as an internal control. The band densities were quantified by ImageQuant software (GE Healthcare, UK).

Dual luciferase reporter assay {#sec022}
------------------------------

Cells seeded in 6-well plates were co-transfected with miR-1254 mimics (25 nM) or negative control and reporter constructs (200ng) using Lipofectamine 2000. Cell extracts were prepared 48h after transfection, and the luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega).

Cell counting and 3-(4, 5-dimethylthiazolyl-2-yl)-2-5 diphenyl tetrazolium bromide (MTT) assay {#sec023}
----------------------------------------------------------------------------------------------

Cell number was measured using Vi-cell XR cell viability analyzer (Beckman coulter, USA). Cell viability was determined using MTT assay. Briefly, cells were harvested following 24 h of transfection and plated at 2 × 10^3^ cells per well in 96-well plates. After incubation, 20 μl MTT reagent (5.0 mg/mL) was added into each well and incubated in the dark at 37°C for 4 h. Then, 100 μl dissolution buffer was added into each well and incubated overnight. Absorbance was measured at 570 nm using a microtiter plate reader (Bio-Tek Instruments, USA).

Colony formation assay {#sec024}
----------------------

Twenty-four hours after transfection with miR-1254 mimics or negative control oligonucleotides, the NSCLC cells were seeded in 6-well plates and grew for two weeks for the colony formation assay. The cells were then washed with PBS, fixed with methyl alcohol, and stained by Gimsa and then photographed using Typhoon FLA 9500(GE Healthcare, UK). Colonies were counted by ImageQuant TL (GE Healthcare, UK).

Annexin V-FITC apoptosis assay {#sec025}
------------------------------

Cells were transfected with 500 ng indicated plasmid DNA and 25nM miRNA oligonucleotides in a 6-well plate. Apoptotic cells were examined using an Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, USA). The cells were harvested and then stained with 5 μl of annexin V-FITC and 5 μl of PI for 15 min at room temperature in the dark. The cells were measured by the BD FACS flow cytometer (BD Biosciences, USA).

Chromatin immunoprecipitation {#sec026}
-----------------------------

A549 cells (1 × 10^6^) were transfected with miR-1254 mimics or control oligonucleotides at a 25 nM final concentration. Forty-eight hours later, cells were cross-linked with 1% formaldehyde for 10 min at 37°C and chromatin immunoprecipitation (ChIP) assay was performed using the ChIP Assay Kit from Upstate (Millipore). Five micrograms of anti-RNA polymerase II antibody (Millipore) and anti-TFAP2A antibody (ABCam) were used for each assay. No antibody (input) and normal rabbit IgG (Santa Cruz) were used as controls. Quantitative real-time PCR data were normalized to chromatin input and expressed as fold changes relative to the values in the cells transfected with negative control RNA oligonucleotides (nc). Primers are listed in Supplementary [S2 Table](#pgen.1006896.s007){ref-type="supplementary-material"}.

CRISPR/Cas9-modified nucleotides knockdown {#sec027}
------------------------------------------

The px330-mCherry and px330-GFP vectors were a kind gift from Dr. Hui Yang (Institute of neuroscience, Chinese academy of sciences, Shanghai, China) CRISPR/Cas9-modified nucleotide deletion was performed as previously described \[[@pgen.1006896.ref028], [@pgen.1006896.ref059]\]. Two sgRNAs were cloned into px330-mCherry and px330-GFP vectors, respectively. The sgRNA sequences are as follow: CRISPR-1254-left, 5\`-caccgCCCAGCTACTTGGGAAGCTG-3\`; CRISPR-1254-right, 5\`-caccGTGTGTGTAAGGTTGCAGCT-3\`; CRISPR-sites-left, 5\`-caccgCACACCCCTGTGCCCTCATG-3\`; CRISPR-sites-right, 5\`-caccgACGGCCTGTTCTGTTCTCTT-3\`. The plasmids were co-transfected into A549 cells (1 μg each) in a 6-well plate, and positively transfected cells were isolated using flow cytometry. The genome modification of each single cell used in the following studies was confirmed via DNA sequencing. Primers are listed in Supplementary [S2 Table](#pgen.1006896.s007){ref-type="supplementary-material"}

mRNA decay measurements {#sec028}
-----------------------

To estimate the mRNA decay rates, transcription was inhibited by adding 5 μg/ml actinomycin D in medium \[[@pgen.1006896.ref041], [@pgen.1006896.ref042]\]. RNA was extracted at the indicated times and analyzed by qRT-PCR. The ratio of HO-1 mRNA to β-actin in each sample was calculated and used to determine the relative amount of specific mRNA remaining in each sample.

Animal study {#sec029}
------------

Animal studies were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Stable miR-1254--overexpressing A549 cells (A549/miR-1254) were harvested by trypsin, washed with PBS, and resuspended in Matrigel:RPMI medium (1:1); 1 million A549/miR-1254 cells and corresponding control cells were subcutaneously injected into the nude mice. Tumor volumes were calculated from the length (a) and the width (b) by using the following formula: volume (millimeters^3^) = ab^2^/2.

Statistical analyses {#sec030}
--------------------

All statistical analyses were performed using GraphPad Prism software (version 5.01; GraphPad Software, Inc, CA, USA). The data are shown as the mean values with standard error of mean (SEM), and P\<0.05 was considered significant. All experiments were performed independently at least three times. The significance of differences between two groups was measured by Student's t test. One-way analysis of variance (ANOVA) was used to measure the significance of comparisons between more than two groups.

Supporting information {#sec031}
======================

###### The effect of miR-1254 mutants on HO-1 promoter activity.

Luciferase activity in HEK293 cells transfected with the indicated nucleotides (MiR-1254 and its 5\`mt) for 48 h.

Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P* and \*\*\**P* \<0.01 vs. nc; \#*P*\<0.05, \#\#*P* and \#\#\#*P* \<0.01 vs miR-1254.

(TIF)

###### 

Click here for additional data file.

###### The exploration of miR-1254 potential binding site on HO-1 promoter.

\(A\) Upper: Schematic representation of miR-1254 potential binding sites analyzed by miRBase database and RNA hybrid; Bottom: Non-denaturing PAGE experiment is performed to test the binding ability of miR-1254 with these sites.

\(B\) Schematic representation of the CRISPR strategy for site2 deletion.

\(C\) qRT-PCR measurement of the effect of miR-1254 on HO-1 mRNA expression in the wild type (WT) and site 2 deleted (MT) cell lines.

(TIF)

###### 

Click here for additional data file.

###### miR-1254 inhibits HO-1 expression not by directly targets HO-1 promoter or induces DNA methylation.

\(A\) Construction of six luciferase reporters containing varying length fragments of HO-1 promoter.

\(B\) Luciferase activity of miR-1254 on the six HO-1 promoter plasmids in HEK293 cells.

\(C\) Luciferase activity of miR-1254 on the wild-type and the mutated HO-1 promoter PGL-HO1.

\(D\) qRT-PCR analysis of the mRNA level of HO-1 in A549 cells after transfection of miR-1254 with 1μM Decitabine.

Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P* and \*\*\**P* \<0.01 vs. nc; \#\#\#*P* \<0.01 vs miR-1254.

(TIF)

###### 

Click here for additional data file.

###### miR-1254 down-regulates HO-1 transcription via targeting TFAP2A in NCI-H1975 cells.

\(A\) HO-1 and TFAP2A mRNA levels in NCI-H1975 cells transfected with the indicated nucleotides (MiR-1254 and its mutants) for 48 h assayed by qRT-PCR.

\(B\) Western blot analysis of the effect of TFAP2A knockdown on HO-1 protein expression compared with miR-1254 in NCI-H1975 cells.

\(C\) TFAP2A and HO-1 protein levels in NCI-H1975 cells transfected with the indicated nucleotides (miR-1254 and its mutants) for 48 h assayed by immunoblotting.

\(D\) Ectopic expression of TFAP2A overrode the inhibition of HO-1 expression by miR-1254 in NCI-H1975 cells.

\(E\) Statistical results of HO-1 protein when TFAP2A cDNA co-transfected with miR-1254.

Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P*\<0.01 vs. nc; \#\#*P* and \#\#\#*P* \<0.01 vs miR-1254.

(TIF)

###### 

Click here for additional data file.

###### MiR-1254 inhibited the cell growth of NCI-H1975 cells.

(A-C) MiR-1254 inhibited the cell growth of NCI-H1975 cells. Cells were transfected with miR-1254 mimics or negative control oligonuleotides (nc), 20μM hemin was used to rescue the expression of HO-1 as a inducer.

\(A\) Trypan blue staining assays. Cells were counted 72h after transfection.

\(B\) MTT analysis of NCI-H1975 cells transfected with miR-1254 mimics or nc.

\(C\) Colony formation in NCI-H1975 cells transfected with miR-1254 mimics compared with nc. Upper: Representative image of the colony formation. Bottom: Statistical results.

(D and E) Flow cytometry analysis of cell cycle (D) and apoptosis (E) in NCI-H1975 cells.

\(F\) Upper: MiR-1254 expression in A549/miR-1254 and A549/miR-Control cells. Bottom: Western blot analysis of the TFAP2A and HO-1 protein levels in the A549/miR-1254 cells and A549/miR-Control cells.

Data are presented as the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P* and \*\*\**P* \<0.01 vs. nc; \#*P*\<0.05 and \#\#\#*P* \<0.01 vs miR-1254.

(TIF)

###### 

Click here for additional data file.

###### Sequence of siRNA and miRNA mimics used in this study.

(DOCX)

###### 

Click here for additional data file.

###### Sequence of qRT-PCR and PCR primers used in this study.

(DOCX)

###### 

Click here for additional data file.
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